What are the implications for cognition of the fact that we have two cerebral hemispheres? Although this is one of the most fundamental questions in cognitive neuroscience, no definite answer is presently available. For more than a century, researchers have wondered why we have two hemispheres, how they differ, and how they interact with each other. Anatomical and functional asymmetries have been identified, and different models of hemispheric interaction have been proposed. Recently, studies using positron emission tomography (PET) and functional MRI (fMRI) have revitalized this research domain by discovering new hemispheric asymmetries. Moreover, these studies have identified changes in the lateralization of brain activity as a function of population variables, such as aging. In fact, the most consistent finding in functional neuroimaging studies of cognitive aging is a reduction in the lateralization of prefrontal activations. This is not the first time that aging has been associated with changes in lateralization; for many years, cognitive aging psychologists discussed the possibility that the right hemisphere ages faster than the left. In general, however, these ideas have not been informed by theories regarding hemispheric specialization and interaction. The goal of this chapter is to address this disconnection and to link the topic of lateralization and aging to general issues regarding hemispheric organization.
The chapter has three main sections. The first section focuses on hemispheric organization. It reviews evidence concerning hemispheric specialization, at both anatomical and functional levels, and then describes three views of hemispheric interaction: insulation, inhibition, and cooperation. The second section describes two models concerning agerelated changes in lateralization: the right hemi-aging model and the age-related asymmetry reduction model. Evidence supporting each model is reviewed, and the two models are compared. Finally, the third section links the first two by considering how age-related asymmetry reductions relate to the three views of hemispheric interaction, and models of hemispheric specialization.
Hemispheric organization

Hemispheric specialization
It has been well established that the two hemispheres of the brain are anatomically and functionally asymmetric. Differences in gross anatomy have been found in several brain regions, including the planum temporale (Galaburda et al., 1978; Pieniadz and Naeser, 1984; Teszner et al., 1972; von Economo and Horn, 1930) , the pars triangularis (Albanese et al., 1989; Foundas et al., 1996) , the sylvian fissure (Eberstaller, 1884; Rubens et al., 1976; Witelson and Kigar, 1992) , and the globus pallidus (Kooistra and Heilman, 1988) . More recently, these anatomic asymmetries were confirmed using structural MRI (Pujol et al., 2002; Raz et al., 1997; Steinmetz et al., 1990; Watkins et al., 2001) . There is also evidence that the grey/white matter ratio is greater in the left than in the right hemisphere (Good et al., 2001; Gur et al., 1980; Pujol et al., 2002) , a difference which could account for some of the effects of aging on lateralization discussed later. Subtler anatomical differences include the distribution of pyramidal cells in the posterior superior temporal gyrus (Galuske et al., 2000) , and the extent of dendritic branching in left hemisphere speech areas (Scheibel et al., 1985) . Hemispheric asymmetries can also be found in neurotransmitter systems. For example, the number of dopamine receptors in the striatum is greater in the left hemisphere (Wagner et al., 1983; Glick et al., 1982) , whereas the number of noradrenergic neurons in ventrolateral thalamic nuclei is greater in the right hemisphere (Oke et al., 1978) .
These structural asymmetries between the two hemispheres are accompanied by functional differences. Distinctions regarding specializations attributed to the left vs. right hemispheres include verbal vs. spatial (Gazzaniga, 1970) , local vs. global (Navon, 1983) , categorical vs. coordinate (Kosslyn et al., 1989) , positive vs. negative emotions (Hellige, 1993) , and production vs. monitoring (Cabeza et al., 2003b ). Here we focus on two distinctions that are particularly relevant to the effects of aging on lateralization: the verbal/spatial and the production/monitoring distinctions.
Verbal vs. spatial
It is generally accepted that the left hemisphere is more involved in verbal processing whereas that the right hemisphere is more involved in spatial processing (Hellige, 1993) . The left hemisphere's specialization for language has been known for more than a century. In 1861 , Paul Broca noted that lesions in a left opercular frontal area were associated with difficulties in speaking but not in comprehending language, and in 1874 , Carl Wernicke found that lesions in left posterior temporal area lead to severe comprehension problems. Since damage to the right hemisphere was hardly ever found to lead to speech and language problems it was concluded that, at least in right-handed people, the left hemisphere is critical to language functions. Studies of split-brain patients have further increased our understanding of the specialized functions of the two hemispheres. A consistent finding in these studies is that right-handed patients are capable of solving visuospatial tasks with their left hand (right hemisphere) but not with their right hand (left hemisphere), and the opposite occurs with verbal tasks (Gazzaniga, 1970) . Hence, the studies of split-brain patients provide evidence for a strong right-hemisphere spatial specialization, which is complementary to the dominance of the left hemisphere for language processes.
Production vs. Monitoring
Functional asymmetries have also been reported in episodic memory, which refers to memory for personally experienced past events (Tulving, 1983) . Functional neuroimaging studies have shown that the left prefrontal cortex (PFC) is more involved in episodic encoding whereas the right PFC is more involved in episodic retrieval, a pattern known as Hemispheric Encoding/Retrieval Asymmetry (HERA) model (Nyberg et al., 1996; Tulving et al., 1994) . Left PFC activity during encoding has been attributed to semantic processing, which is strongly associated with left PFC (for a review, see Cabeza and Nyberg, 2000) and is known to enhance encoding (Craik and Lockhart, 1972) . The role of the right PFC activity in retrieval has been attributed to verification and checking operations (Allan et al., 2000; Henson et al., 1999; Rugg et al., 1998) . Even if not as pronounced and frequent as during encoding, left PFC activations are sometimes found during retrieval (Nolde et al., 1998) , possibly reflecting semantic generation operations (Cabeza et al., 1997b) . Combining preexistent ideas regarding the roles of left and right PFC during episodic retrieval, the production/monitoring hypothesis states that left PFC is more involved in semantically-guided information production than right PFC, whereas right PFC is more involved in monitoring and verification of information than is left PFC (Cabeza et al., 2003b) .
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Recently, the production/monitoring was tested by comparing PFC activity during recall and recognition tasks (Cabeza et al., 2003b) . Whereas production processes are more critical for recall than for recognition, monitoring processes are more critical for recognition than for recall. Consistent with the production/monitoring hypothesis, left PFC was more activated for recall than for recognition, whereas right PFC was more activated for recognition than for recall (see Figure 1 ). There is also evidence that the production/monitoring distinction generalizes beyond episodic memory retrieval. In fMRI studies that directly compared brain activity during episodic retrieval, verbal working memory and visual attention (Cabeza et al., 2002b; Cabeza et al., 2003a) , a left PFC region was activated by both episodic retrieval and working memory, whereas a right PFC region was activated by episodic retrieval and visual attention. Thus, semanticallyguided production processes mediated by left PFC may be shared by cognitive functions in which meaningful information is manipulated, and monitoring processes mediated by right PFC may be shared by cognitive functions in which external or internal information is evaluated.
Hemispheric interaction
Although functional neuroimaging studies have provided support for hemispheric specialization by revealing lateralized activation patterns, they have also shown that in most cognitive tasks both hemispheres are recruited (Cabeza and Nyberg, 2000) . This does not imply that each hemisphere is equally competent, or that either could do the task alone, but rather that there is some sort of distribution of processing demands between two interacting hemispheres. On the other hand, there are conditions in which unilateral processing may be more efficient, and activity in one of the hemispheres must be suppressed. These alternatives have originated three different views about interhemispheric interaction (see Figure 2 ): hemispheric insulation, hemispheric inhibition, and hemispheric cooperation.
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Hemispheric insulation
The hemispheric insulation view states that reducing communication between the two hemispheres can improve performance by reducing interference. According to the Functional Cerebral Distance Model (Kinsbourne and Hicks, 1978) , interference among tasks that are unrelated and performed concurrently will be minimized when they are each performed by functionally distant cerebral regions, such as those in different hemispheres. Following this model, it has been suggested that, in some conditions, the corpus callosum can act as an inhibitory barrier, so that computations performed by each hemisphere can be insulated within each hemisphere to prevent potentially harmful interhemispheric intrusions (Liederman and Meehan, 1986 ). This idea was tested in one study in which participants named upright and inverted letters presented within one visual field, or divided across visual fields. A bilateral advantage was observed when upright and inverted letters were presented in different visual fields but not when they were mixed across fields, consistent with the idea that hemispheric insulation helped in reducing interference (Merola and Liederman, 1990) . In another study (Liederman and Meehan, 1986) , subjects were briefly shown three numbers with the instruction to add the central number to the top number and to subtract the central number from the bottom number. The results showed that there were fewer errors when the addition problem was directed to one visual field and the subtraction problem was directed to the other visual field. Again, the authors' explanation was that the two tasks were carried out by different hemispheres, thereby reducing hemispheric interference.
Hemispheric inhibition
According to the hemispheric inhibition account, stimulus-driven activity in one hemisphere tends to suppressthrough colossal interactions-activity in the other hemisphere (Chiarello and Maxfield, 1996) . When the hemispheres are equally active, attention is oriented medially (Kinsbourne, 1973) . When one hemisphere is more strongly activated, it will suppress the orienting tendency of the other hemisphere causing attention to shift to the side contralateral to the more activated hemisphere. Fink et al. (2000) found support for the interhemispheric suppression hypothesis using PET. In their study, subjects were instructed to read out columns of three characters that were presented either to one or to both visual hemi-fields. Characters were reported less frequently in one hemisphere when words were simultaneously presented to the other hemisphere than in the case of unilateral presentation. Furthermore, this extinction pattern was not only found at a behavioral level, but also at a neural level. They found that presentation of a competing stimulus resulted in decreased activity in the contralateral occipital cortex.
Hemispheric cooperation
The hemispheric cooperation view states that when computational demands are high, collaboration between the two hemispheres is more advantageous than within-hemisphere processing. This view is supported by behavioral, functional neuroimaging, and split-brain evidence. Behavioral studies have typically used a split-field methodology in which the stimuli necessary for reaching a decision (e.g., two letters in a letter identity judgment) are presented in different visual fields (left vs. right) or in the same visual field (e.g., both in the left visual field). In the first condition, the two hemispheres must communicate in order to make the decision (cross-hemisphere processing), whereas in the second condition, the decision can be reached within a single hemisphere (within-hemisphere processing). The typical finding is that, as task complexity increases, cross-hemisphere processing is associated with better performance than withinhemisphere processing. This effect has been observed for a variety of tasks, including summation , ordinal , and spelling tasks. Moreover, the effect has been observed not only for visual but also for auditory and tactile stimuli (Passarotti et al., 2002) .
The hemispheric cooperation view is also supported by functional neuroimaging evidence. In a PET study, Jonides and collaborators (1997) investigated an n-back task in which memory load and complexity were varied by manipulating the number of letters that had to be maintained in working memory. The results showed that symmetry of activity increased as a function of complexity. In another study, Pollmann et al. [Pollmann, In Press #4654] used fMRI to study the neural correlates of letter identity and shape matching. Previously, Banich and colleages had reported a bilateral advantage for a condition in which subjects had to match the identity of two letters (both a-a and A-a: same), but not for an easier condition in which they merely had to match the shape of the two letters (i.e., a-a: same, A-A: different). For the identity matching task, Pollman et al. found that unilateral relative to bilateral presentation led to increased activation in the contralateral side of the ventral occipital cortex. This increase went along with an ipsilateral increase of activation in homologous areas. Furthermore, these activations were reduced during bilateral presentation. Such a sharing of hemispheric resources was not seen for letter shape matching. These findings suggest that the bihemispheric processing advantage for letter identity matching already occurs in the visual processing stage.
A final line of evidence comes from the study of split-brain patients. These patients generally display greater performance deficits relative to controls as task complexity increases (Kreuter et al., 1972) , suggesting that interhemispheric communication is more critical for complex tasks.
One plausible explanation of the advantage of cross-hemispheric processing under high processing demands is that it allows information to be spread across a larger number of processing units (neurons). Moreover, cooperation between hemispheres not only allows subcomponents of a task to be handled by different processors (hemispheres), but they can also be processed in parallel (Banich, 1998) . In contrast, when a task is simple enough to be handled by a single hemisphere, cross-hemispheric processing is not efficient. Cross-hemispheric processing requires the transmission of information through the corpus callosum, which consists of about two hundred million white matter axons, which are only partly myelinated. When interhemispheric interactions occur along thin unmyelinated callosal fibers, they may take as long as 100-300 ms (Ringo et al., 1994) . Thus, for very simple tasks, dividing processing across the hemispheres is not cost-effective. Consistent with this idea, hemi-field studies have found that in the case of simple tasks within-hemisphere processing yields better performance than cross-hemisphere processing (Banich, 1998; Ringo et al., 1994; Weissman and Banich, 2000) Appraisal A problem when evaluating empirical support for the three views is that some findings can be accommodated by more than one view. For example, bilateral advantage may be interpreted as evidence of hemispheric collaboration by the cooperation view (Banich, 1998) , but as evidence of hemispheric independence by insulation view (Liederman and Meehan, 1986) . In some cases, the former account seems more reasonable. For instance, Brown and Jeeves (1993) presented their subjects with a letter match task, in which letters were presented either unilaterally or bilaterally, while recording event-related potentials. Bilateral advantage, both in terms of accuracy and response times, was associated with faster left-to-right interhemispheric transfer times as measured by the visually evoked response. Thus, bilateral advantage was accompanied by more efficient, rather than obstructed, interhemispheric communication. Also, Berryman and Kelly (1992) assessed interhemispheric correlations between measures obtained in visual half-field bargraph and word judgment tasks. They found positive interhemispheric correlations for error rates and variance in response times, which increased as memory load increased. This indicates that interhemispheric communication becomes greater when processing load increases. Together, these findings indicate that, in line with the hemispheric cooperation and inhibition views, bilateral advantages reflect greater interhemispheric coordination rather than isolation (Chiarello and Maxfield, 1996) . Thus, although there is evidence supporting insulation and inhibition views, the weight of the evidence seems to favor the cooperation view.
Models of aging and lateralization
In this section, we briefly review two models concerning age-related changes in lateralization: the right hemi-aging model, which is based mainly on behavioral findings, and the hemispheric asymmetry reduction in older adults (HAROLD) model, which is based primarily on neuroimaging findings.
The right hemi-aging model
The right hemi-aging model states that the right hemisphere is more sensitive to the harmful effects of aging than the left hemisphere (Dolcos et al., 2002) . Thus, this view predicts that age-related cognitive decline should be more pronounced on cognitive functions associated with the right hemisphere, such as spatial processing, than on those associated with the left hemisphere, such as verbal processing. The right hemisphere may be more sensitive to aging because it has a smaller gray/white matter ratio than the left hemisphere (Good et al., 2001; Gur et al., 1980; Pujol et al., 2002) . However, the right hemi-aging model is primarily based on behavioral rather than neurobiological evidence. Below, we briefly review behavioral studies concerning verbal/spatial and sensorimotor functions.
Verbal/spatial
One of the most consistent findings in the cognitive aging literature has been that in intelligence tests (e.g., Wechsler), the scores on the verbal subtests are largely age-invariant whereas the scores of visuospatial subtests show pronounced age-related decline (Goldstein and Shelly, 1981) . In line with these findings, Klisz (1987) found that performance of elderly subjects was similar to that of patients with right-hemisphere damage when tested with a neuropsychological test battery developed to diagnose lateralized brain injury.
However, comparisons between the effects of aging on verbal and spatial processing have been plagued by confounds. First, verbal skills are usually measured by assessing overlearned vocabulary, whereas spatial skills are typically measured with by assessing performance on novel tasks unrelated to preexisting knowledge (Meudell and Greenhalgh, 1987) . Thus, it is possible that age-related decline is more pronounced on tasks that do not rely on preexistent knowledge, regardless of whether stimuli are verbal or spatial (Gerhardstein et al., 1998) . To address this confound, Meudell and Greenhalgh (1987) investigated a task that required the use of verbal and spatial reasoning rather than recall of previously learned information. In line with the hemi-aging model, they found that old adults exhibited larger deficits on spatial than on verbal tasks. Still, there are other confounding aspects that need to be controlled, such as type of response, attentional demands, and task complexity. To address these confounds, Schear and Nebes (1980) compared retrieval of seven letters vs. retrieval of their locations in a matrix, and they found similar age effects on both tasks. Likewise, Elias and Kinsbourne (1974) compared the speed with which young and old adults made categorical judgments about two verbal stimuli or two nonverbal stimuli, and found similar age-related slowing in both conditions. Finally, Park and colleagues (2002) compared performances on well-matched visuospatial and verbal tasks across the life span in the domains of short-term memory, working memory, and episodic memory. As illustrated by Figure 3 , their results are inconsistent with the right hemi-aging model: performance declined with aging at a similar rate in verbal and visuospatial tasks. Interestingly, though, they did not find any age-related decline in general verbal knowledge tasks (see Figure 3d ), in agreement with the idea that crystallized intelligence does not deteriorate with age.
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The results of studies using split-fields paradigms are inconsistent and difficult to interpret. Several studies (e.g., Clark and Knowles, 1973; Johnson et al., 1979) reported an age-related recall decline for digits presented to the left ear (right hemisphere) but not for digits presented to the right ear (left hemisphere). However, verbal dichotic listening studies that controlled for peripheral hearing deficits reported no age-related asymmetry differences (Borod et al., 1983; Ellis, 1990; Nebes et al., 1983) . Likewise, Cherry et al. (1995) and Nebes et al. (1983) did not observe age-related changes in hemispheric asymmetry when verbal information was presented tachistoscopically to the left and right hemisphere. Moreover, the interpretation of studies in which older adults were impaired in processing verbal stimuli presented to the right hemisphere is complicated by the lateralization of linguistic functions. According to some views (e.g., Zaidel, 1986) , when verbal information is presented to the right hemisphere, the stimulus may not be detected and may be directed to the dominant left hemisphere via the corpus callosum, with a possible loss of features. Aging is associated with declines in callosal volume and white matter integrity (Abe et al., 2002; Hopper et al., 1994; Sullivan et al., 2002; Weis et al., 1993) . Thus, age-related deficits in processing verbal stimuli presented to the right hemisphere could reflect a decline of callosal transport rather than differential aging of the right-hemisphere.
Sensorimotor processing
The right hemi-aging hypothesis has also been investigated in sensorimotor processing. Weller and Latimer-Sayer (1985) used a tactile stimulation task (i.e. pegboard) to investigate changes in manipulative skill as a function of age and found evidence supporting the right-hemisphere hypothesis. They showed left-hand (right hemisphere) abilities to decline more rapidly with age than right hand (left hemisphere) abilities. However, other studies have shown that age differences in left and right hand motor skill are dependent on task demands (Meudell and Greenhalgh, 1987; Mitrushina et al., 1995) .
The HAROLD model
The model called Hemispheric Asymmetry Reduction in Older Adults (HAROLD) states that, under similar conditions, PFC activity tends to be less lateralized in older than in younger adults (Cabeza, 2002) . The model is supported by functional neuroimaging, electrophysiological, and behavioral evidence in the domains of episodic memory, semantic memory, working memory, perception, and inhibitory control. Since this evidence has been reviewed elsewhere (Cabeza, 2002) , here we briefly mention a few functional neuroimaging findings in the domains of episodic memory, working memory, and sensorimotor processing, including some findings published after the publication of the model (Maguire and Frith, 2003; Morcom et al., 2003) 
Episodic Memory
As mentioned before, activations during episodic memory tend to be right lateralized (Tulving et al., 1994) . Consistent with this pattern, Cabeza et al. (1997a) found that young adults showed right PFC activations during word-pair cued recall. In contrast, during the same task, older adults showed significant activations in both right and left PFC. This bilateral pattern of PFC in older adults was interpreted as compensatory: to counteract cognitive decline, older adults recruited both hemispheres in a task in which young adults recruited mainly one hemisphere. Age-related asymmetry reductions during episodic retrieval have been also found in other tasks, including word-stem cued recall (Backman et al., 1997) , word recognition (Madden et al., 1999) , and face recognition (Grady et al., 2002) . Thus, HAROLD during episodic retrieval has been demonstrated for both recall and recognition tasks, and for both verbal and nonverbal materials.
Moreover, age-related asymmetry reductions during episodic memory have also been found during encoding (Logan et al., 2002; Morcom et al., 2003; Stebbins et al., 2002) . Older adults show a lack of hemispheric asymmetry even when they are provided with encoding strategies that raise their PFC activity to the level of young adults (Logan et al., 2002) , suggesting that HAROLD reflect a change in cognitive architecture rather than a difference in cognitive strategies. Recently, Morcom et al. (2003) investigated the effect of aging on the neural correlates of episodic encoding by comparing study-phase activity for items that were remembered vs. forgotten in a subsequent recognition task. The remembered-minus-forgotten contrast yielded left PFC activity in young adults but bilateral PFC activity in older adults. In sum, HAROLD during episodic memory has been found both during encoding and retrieval.
Working Memory
In young adults, PFC activity tends to be left lateralized for verbal working memory and right lateralized for spatial working memory (for a review, see Smith and Jonides, 1999) . Consistent with this pattern, Reuter-Lorenz et al. (2000) found that in young adults PFC activity during a delayed response task was significant in the left hemisphere when the stimuli were letters, but in the right hemisphere when the stimuli were spatial locations. In contrast, older adults tested under identical conditions showed significant PFC activity bilaterally for both verbal and spatial stimuli. This finding suggests that HAROLD can be observed not only for process-related asymmetries (e.g., encoding vs. retrieval) but also for stimuli-related asymmetries (e.g., verbal vs. spatial). In another working memory study, Dixit et al. (2000) found an age-related asymmetry reduction in PFC activity during an N-back task. Interestingly, older participants in this study were under 50 years of age, suggesting that age-related asymmetry reductions develop in middle age. At the same time, other evidence reviewed below suggests that HAROLD becomes more pronounced with advancing age (Logan et al., 2002; Nielson et al., 2002) .
Sensorimotor processing
In a study by Grady et al. (1994) , PFC activity during face matching was found in the right hemisphere in young adults but in both hemispheres in old adults. Grady and colleagues (2000) replicated this finding in both normal and degraded face matching. A study that investigated brain activity during finger tapping (Calautti et al., 2001 ) both young and older adults showed-as expected-sensorimotor activity in the contralateral hemisphere. Additionally, older adults showed more activity than younger adults in right dorsal PFC during right-hand tapping. Thus, age-related asymmetry reductions can be found not only for higher-order cognitive processes, such as episodic and working memory, but also for more simple sensorimotor processes.
Appraisal
Whereas evidence for the right hemi-aging model has been mixed, evidence for the HAROLD model has been largely consistent. Although no study has explicitly compared the two models, some of the aforementioned functional neuroimaging findings are consistent with HAROLD but inconsistent with the right hemi-aging model. Conditions in which PFC activity is right lateralized in young adults are not useful for comparing the two models because both models predict an age-related reduction in lateralization. In contrast, when PFC activity is left lateralized in young adults, the right hemi-aging model predicts an increase in hemispheric asymmetry, whereas the HAROLD model predicts a decrease. The results of three functional neuroimaging studies of episodic encoding/semantic retrieval (Logan et al., 2002; Morcom et al., 2003; Stebbins et al., 2002) support the prediction of the HAROLD model. In all these studies, younger adults showed greater activity in left than in right PFC and this difference was reduced in older adults, a finding in direct opposition to the right hemi-aging model.
One way of harmonizing the two models is to assume that HAROLD applies to PFC whereas the right hemi-aging model applies to other brain regions. However, there is some evidence that age-related asymmetry reductions may occur in brain regions outside of PFC. For example, Nielson et al (2002) found that parietal activity during a go/no-go inhibition task was right lateralized in young adults (see also, Garavan et al., 1999) but bilateral in older adults. Likewise, Grady et al. (2000) found an age-related reduction in the lateralization of parietal and temporal activity during face memory. Moreover, two recent fMRI studies of simple reaction time tasks found age-related asymmetry reductions in primary motor cortex (Hutchinson et al., 2002; Mattay et al., 2002) . Finally, the recent fMRI study by Maguire and Frith (2003) suggests that HAROLD may also occur in subcortical regions. This study investigated the effects of aging on the neural correlates of remembering real life autobiographical events. As illustrated by Figure 4 , young adults selectively recruited the left hippocampus (Figure 4a ), whereas older adults activated both the left and the right hippocampus (Figure 4b 
Aging and hemispheric organization
In the first section of the chapter, we considered ideas about hemispheric organization, including different alternatives regarding hemispheric specialization (verbal vs. spatial, production vs. monitoring) and hemispheric interaction (cooperation, insulation, and inhibition). In the second section of the chapter, we described two models concerning the effects of aging on lateralization, and concluded that available evidence support the idea of age-related asymmetry reductions. Linking previous sections, this section considers how age-related asymmetry reductions relate to models of hemispheric interaction and hemispheric specialization.
Aging and hemispheric interaction
In the first section, we discussed three models of hemispheric interaction: cooperation, insulation, and inhibition. Below, we consider these three models in relation to aging. Since hemispheric cooperation has received most attention in recent functional neuroimaging studies of aging, we consider this model at the end.
Age-related decline in hemispheric insulation: the dedifferentiation view
The hemispheric insulation model posits that confining cognitive processes within one hemisphere is sometimes necessary in order to reduce potentially harmful interhemispheric crosstalk (Liederman and Meehan, 1986) . If one assumes that unilateral activation patterns reflect an insulation mechanism, then bilateral activity in older adults may be interpreted as a breakdown of such a mechanism. According to this view, bihemispheric recruitment in older adults would not reflect functional compensation but a failure to keep neural activity confined within a single hemisphere. Consistent with this idea, the dedifferentiation view proposes that bilateral activation patterns in older adults reflect a difficulty in recruiting specialized neural mechanisms (e.g., Li and Lindenberger, 1999) . The process of dedifferentiation during aging is the counterpart of the process of differentiation during childhood. In the child development literature, differentiation refers to the process through which a global cognitive capacity branches into a series of specialized cognitive abilities (Garret, 1946) . During aging, cognitive functions may once again begin to rely on similar executive or organizing resources (Balinsky, 1941; Baltes and Lindenberger, 1997) . In other words, the differentiation achieved during childhood is reversed by a process of dedifferentiation during aging.
The dedifferentiation account is supported by evidence that correlations among different cognitive measures, and between cognitive and sensory measures, tend to increase with age (Balinsky, 1941; Baltes and Lindenberger, 1997) . These results suggest that older adults recruit similar sets of cognitive operations for vey different tasks. The dedifferentiation view is also consistent with recent fMRI evidence that children can show bilateral activation patterns that resemble those seen in older adults. For example, Moses et al. (2002) investigated a global/local paradigm to children between 12 to 14 years old. The children were divided into two groups based on their reaction time. Whereas the group with faster reaction times displayed the expected pattern of right lateralized activity for global processing and left lateralized activity for local processing, the group with slower response times showed bilateral activity patterns for both global and local conditions. One possible explanation is that children with faster reaction times had already shifted from undifferentiated bilateral processing towards a more efficient hemispheric specialization, whereas children with slower reaction times were relying on the undifferentiated bilateral processing. By analogy, this evidence suggests that bilateral activity in older adults reflect a failure to recruit a more efficient unilateral network.
Age-related decline in hemispheric inhibition: the competition view
According to the hemispheric inhibition model, activity may suppress activity in the other hemisphere through colossal interactions (Chiarello and Maxfield, 1996) . If one assumes that aging impairs hemispheric communication, then bilateral recruitment in older adults may be interpreted as an age-related decline in hemispheric inhibition. In other words, older adults show greater activity in the hemisphere less activated by younger adults not because they are compensating but because they are failing to inhibit inefficient or irrelevant activity in the hemisphere less appropriate for task performance. Bilateral recruitment in older adults, then, would reflect a decline in the normal competition between hemispheres.
This competition view has been proposed by Buckner and collaborators , and is supported by two main kinds of evidence. First, this view is supported by evidence that aging is associated with a decline in the anatomical integrity of the corpus callosum (Abe et al., 2002; Hopper et al., 1994; Sullivan et al., 2002; Weis et al., 1993) . Using diffusion tensor imaging (DTI), Abe et al. (2002) found that the integrity of white matter tracts in the genu of the corpus callosum declined significantly with age. Using volumetric MRI methods, Sullivan et al. (2002) found that aging was associated with a substantial decline in callosal volume. If one assumes the two hemispheres compete with or inhibit each other, then a decline in callosal integrity could lead to a decline in interhemispheric inhibition, and to the appearance of inadequate activations in the less relevant hemisphere.
Second, the competition view is supported by functional neuroimaging evidence that activity in the less relevant hemisphere occurs early during processing but then disappears, suggesting an inhibition mechanism. Konishi et al. (2001) conducted a meta-analysis of data from three separate fMRI studies of word and face encoding. In line with previous studies, they found that PFC activity was mostly left lateralized during word encoding and mostly right lateralized during face encoding. Interestingly, at the onset of word blocks, there was a transient activation in the right frontal cortex. The authors proposed that this transient activation might be indicative of a competition between left and right frontal regions that are specialized respectively in verbal and nonverbal processing. In this view, the right frontal region that will not be used for the verbal encoding task is nonetheless initially activated. The rapid extinction of this activation would then be indicative of an active inhibition by the left hemisphere. If this interhemispheric inhibition mechanism is impaired in older adults, for example because of callosal decline, then the activity in the less relevant hemisphere would not be extinguished and would lead to a bilateral activation pattern.
Age-related increase in hemispheric cooperation: the compensation view
The hemispheric cooperation model states that when task demands are high, collaboration between the two hemispheres is more advantageous than within-hemisphere processing (e.g., Brown and Jeeves, 1993; Weissman and Banich, 2000) . If one assumes that under the same conditions task demands are greater for older than for younger adults, then age-related bihemispheric recruitment may be explained as an increase in interhemispheric cooperation. This is the basic idea underlying the compensation view of bilateral activity in older adults: to counteract cognitive decline, older adults recruit both hemispheres during task conditions for which young adults recruit primarily one hemisphere (Cabeza et al., 2002a; Cabeza et al., 1997a) . The compensation view is supported by different kinds of evidence, including behavioral data, recovery from brain damage, activity-performance correlations, and comparisons between high-and low-performing older adults.
Behavioral data
Behavioral evidence for the compensation view can be found in the results of studies investigating interhemispheric cooperation using the split-field method. For example, Reuter-Lorenz et al. (1999) investigated the effects of aging on a task in which subjects matched two letters projected either to the same visual field (hemisphere) or to the opposite visual field (hemisphere). In the first condition, matching can be done within-hemispheres, whereas in the second condition, matching must be done across-hemispheres. As illustrated by Figure 5a , this manipulation was crossed with three levels of difficulty: low (physical matching with one distractor), medium (physical matching with three distractors letters), and high (name matching with three distractors).
The critical results were RT differences between within-and across-hemispheres conditions (see Figure 5b) . In young adults, the within-hemisphere condition was faster when difficulty was low, the across-hemisphere condition was faster when difficulty was high, and the two conditions yielded similar speed when difficulty was medium. These results are consistent with the idea that at high levels of difficulty the benefits of engaging resources from both hemispheres outweigh the costs of interhemispheric communication (Banich, 1998) . In old adults, the benefits of bihemispheric processing were evident in the medium difficulty condition, in which young adults did not show a bilateral advantage. In other words, older adults may benefit from cross-hemispheric processing at levels of task difficulty for which intrahemispheric processing seem to be enough in young adults. Thus, these results suggest that older adults may rely more heavily on interhemispheric cooperation than younger adults, and hence, that the age-related increase in bilateral recruitment observed in may functional neuroimaging studies reflect a form of functional compensation.
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Recovery from brain damage
The compensation view is also supported by evidence that recovery from unilateral brain damage sometimes involve bilateral recruitment. Reasoning by analogy one may argue that if bilateral recruitment can ameliorate cognitive deficits due to brain damage, such mechanism could also help counteract cognitive deficits due to age-related cerebral decline. Although the sudden, specific effects of brain damage are quite different than the slow, diffuse effects age-related neural decline, it is reasonable to assume that some forms of brain plasticity can attenuate the effects of neural injuries of different nature and from different sources.
Evidence that recovery of motor function after unilateral damage is facilitated by the recruitment of homologous regions in the unaffected hemisphere has been found with a variety of techniques, including cortical potentials (Honda et al., 1997) , Doppler ultrasonography (Silvestrini et al., 1998) , Xenon-133 (Brion et al., 1989) , PET (Di Piero et al., 1992) , fMRI (Feydy et al., 2002) , and Transcranial Magnetic Stimulation (TMS, Butefisch et al., 2003) . For example, Feydy et al. (2002) , studied a group of stroke patients with an affected upper limb longitudinally. Three fMRI sessions were performed over a period of 1 to 6 months after stroke. Patients with sparing of the primary motor cortex showed an initial recruitment of additional ipsilateral and contralateral motor areas, but this gradually developed toward a pattern of activation restricted to the contralateral sensorimotor cortex. However, in patients with primary motor lesions a persistent recruitment of ipsilateral activity was typically found.
The involvement of the healthy hemisphere has also been observed during the recovery of language abilities, again using a variety of methods including finger tapping (Klingman and Sussman, 1983) , cortical potentials (Thomas et al., 1997) , Doppler ultrasonography (Silvestrini et al., 1998) , Xenon-133 (Demeurisse and Capon, 1991) , PET (Buckner et al., 1996; Engelien et al., 1995; Ohyama et al., 1996; Weiller et al., 1995) and fMRI (Cao et al., 1999; Thulborn et al., 1999) . For example, Cao et al. (Cao et al., 1999) reported a positive correlation between bilateral PFC recruitment during verb generation and picture naming tasks and recovery of language functions after left-hemisphere stroke. A longitudinal study using Doppler ultrasonography also found that, after a period of speech therapy, word fluency in a group of aphasics was associated with a bilateral increase in flow velocity (Silvestrini et al., 1998) .
Activity-performance correlations
More direct evidence for the compensation view of age-related bihemispheric recruitment has been provided by studies that measured correlations between brain activity and task performance. As mentioned before, Reuter-Lorenz et al. (2000) investigated the effect of aging on performance on a working memory task with three difficulty levels. They found that older adults who displayed a bilateral pattern of PFC activity were faster in the verbal working memory task than those who did not display the pattern.
This kind of evidence suggesting that bilateral activity is beneficial for performance raises a question: if bihemispheric recruitment enhances performance why young adults do not take advantage of this mechanism? A possible answer to this question was provided by a study by Rypma and D'Esposito (2000) . In this study, the correlation between PFC activity and speed in a working memory task was positive in older adults but negative in younger adults. In other words, in the older group, those participants showing greater PFC activity were faster than those showing less PFC activity, whereas in the young group, participants showing greater PFC were slower than those showing less PFC activity. The authors suggested that younger and older adults could be at different points of a sigmoid curve relating neural activity and performance such that the level of neural activity for optimal performance is higher for older adults than it is for young adults. Thus, one possible answer to the question above is that bilateral activity is efficient for older adults but not for young adults.
Although activity-performance correlations represent very valuable evidence for the compensation view, they have two limitations. First, activity-performance correlations can be ambiguous. Although one would expect that activations that are positively correlated with better performance are beneficial (compensatory) whereas those that are negatively correlated with performance are detrimental, this is not necessarily the case. To explain this point with an analogy, let us consider walking-stick use in the older adult population. Even though walking-stick use is obviously compensatory, the correlation between walking-stick use and walking performance is likely to be negative, for the simple reason a walkingstick is used only by those adults who have difficulties walking. Second, activity-performance correlations cannot be easily generalized to different experimental conditions. In functional neuroimaging experiments, activations are extremely sensitive to experimental conditions, and hence, differences between individuals that show more or less activity in a particular cognitive task are highly specific to the nature of the task. One way of addressing this issue is to distinguish between high-vs. low-performing individuals not on the basis of the same task associated with the activation of interest but on the basis of a battery of neuropsychological tasks that are standardized, and hence, generalizable. Studies using this approach are described in the next section.
High-vs. low-performing elderly
Direct evidence for the compensation account has come from three recent neuroimaging studies that distinguished between high-and low-performing elderly adults (Cabeza et al., 2002a; Daselaar et al., 2003b; Rosen et al., 2002) . In Cabeza et al.'s (2002a) study, two groups were selected from a larger sample of older adults before scanning, one group that performed as well as a young group in a battery of memory tests (old-high group) and another group that performed significantly worse than the young group (old-low group). The two groups of older adults and the group of young adults were then scanned during a source memory task, which was previously shown to be associated with right PFC activity in young adults (Cabeza et al., 2003b) . As illustrated by Figure 6 , the results clearly supported the compensation hypothesis: old-low participants showed no reduction in lateralization (Figure 6b ), whereas old-high participants showed a bilateral activation pattern (Figure 6c ). This finding suggests that the old-low participants recruited similar PFC regions as young adults but used them inefficiently, whereas old-high participants compensated for age-related memory decline by reorganizing the episodic retrieval network. In contrast, the results in Figure 6 are inconsistent with the dedifferentiation and competition views, which predicts the asymmetry reduction, as other forms of age-related neurocognitive decline, should be more pronounced in low-performing than in high-performing older adults.
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Similar results were reported in recent fMRI studies by Rosen et al. (2002) and Daselaar et al. (2003b) . As in Cabeza et al.'s study, Rosen et al. selected high-and low-performing older adults from a larger sample using standardized memory tasks. Young, old-high, and old-low participants were scanned during deep (manufactured vs. natural) and shallow (uppercase vs. lowercase) verbal encoding conditions. As illustrated by Figure 7a , old-low participants showed decreased activity in the left and right PFC compared to young controls, whereas old-high participants showed preserved left PFC activity and increased RPFC activity. Thus, this study extends the finding of Cabeza et al. from episodic retrieval to episodic encoding. Finally, Daselaar et al. also compared groups of high-and low-performing old adults on a verbal encoding/recognition task, which were divided post hoc based on their memory scores. As illustrated by Figure 7b , during the semantic encoding task (pleasant/unpleasant decisions) all groups showed left lateralized activations patterns, but PFC activity was slightly less lateralized in the low-performing elderly, and even less so in the high-performing elderly.
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Appraisal
Overall, evidence for the compensation view is much stronger than evidence for the dedifferentiation and competition views. Moreover, findings supporting dedifferentiation and competition are problematic in other ways. For example, the notion that children move from bilateral to unilateral activation patterns to development is supported mainly by one study (Moses et al., 2002) and is very indirect. In fact, this finding is not inconsistent with the notion that bilateral recruitment in older adults is not compensatory. Actually, one could argue that bilateral processing is more efficient than unilateral when processing resources are low, either because they have not developed yet or because they have declined with aging. As for the competition view, a serious problem is that the basic assumption that the two hemispheres tend to inhibit each other is controversial in and of itself. Although the notion that the two hemispheres compete with each other in young adults is consistent with some evidence, particularly in the spatial attention domain (Kinsbourne, 1973) , it has not received much empirical support in other domains (Chiarello and Maxfield, 1996) . On the contrary, evidence from several different domains tend to support the two hemispheres do not compete but collaborate during the performance of cognitive tasks, particularly when tasks more complex or difficult (Banich, 1998; Berryman and Kennelly, 1992; Brown and Jeeves, 1993; Weissman and Banich, 2000) . Moreover, the competition account has not been tested directly in older adults, and hence, it remains highly speculative. In sum, the compensation view is at present the most convincing account of age-related asymmetry reductions.
Aging and hemispheric specialization
If one assumes the compensation view of age-related asymmetry reductions, then it is reasonable to ask what specific cognitive operations are recruited for compensation. For example, if older adults recruit bilateral PFC regions during a task that activates mainly right PFC in young adults, one may ask how cognitive operations mediated by left PFC can enhance performance in a task primarily dependent on right PFC. This kind of question brings us back to distinctions regarding the specialization of left and right hemispheres, such as the verbal vs. spatial and the production vs. monitoring distinctions.
Verbal vs. spatial
On the basis of the verbal vs. spatial/pictorial hypothesis, one could speculate that bilateral activity in older adults reflects the recruitment of verbal processing to compensate for deficits in spatial/pictorial processing, and vice versa. Consistent with this idea, age-related asymmetry reductions may appear as an attenuation of differences in stimulusrelated lateralization patterns. In the aforementioned working memory study by Reuter-Lorenz et al. (2000) , young adults showed significant activity in left PFC during verbal working memory task (letter maintenance) and in right PFC during spatial working memory (location maintenance), whereas older adults showed significant PFC activity bilaterally in both tasks. Thus, one could argue that older subjects compensated for deficits in spatial working memory by recruiting verbal working memory processes (e.g., coding screen locations with verbal labels), and deficits in verbal working memory by recruiting spatial/pictorial working memory processes (e.g., paying attention to visual features of the letters).
The main problem of this account is that it cannot easily account for age-related asymmetry reductions in conditions in which the lateralized activation patterns in young adults is not stimulus-related-such as the one in Reuter-Lorenz et al.'s (2000) study-but process-related. As reviewed before, PFC activity in young adults tends to be left-lateralized during encoding and right-lateralized during retrieval ( (Nyberg et al., 1996; Tulving et al., 1994) , whereas older adults may show a more bilateral pattern of PFC activity due to additional recruitment of right PFC during encoding and left PFC during retrieval. Since age-related right PFC increases during encoding and age-related left PFC increases during retrieval have been found for the same kind stimuli, namely words, they cannot be accommodated by the verbal/spatial account. In contrast, they could be explained by an account of process-related lateralized pattern, such as the production/monitoring hypothesis.
Production vs. Monitoring
According to the production/monitoring hypothesis, left PFC is more involved in semantically-guided information production processes, whereas right PFC is more involved in verification and monitoring processes (Cabeza et al., 2002b (Cabeza et al., , 2003a (Cabeza et al., , 2003b One the basis of this hypothesis, one could speculate that that bilateral activity in older adults reflects the recruitment of monitoring processes to compensate for production deficits, and vice versa. Consistent with this idea, in a recent study (Cabeza et al., submitted) in which young adults showed a left PFC activation during working memory (i.e., production) and a right PFC activation during attention (i.e., monitoring), older adults showed bilateral PFC activity in both conditions (see Figure 8 ). This bilaterality occurred by older adults recruited
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The strengths and weaknesses of the production/monitoring account of compensation are the reverse of the ones of the verbal/spatial account. Generally, the production monitoring account can explain age-related asymmetry reductions when lateralization patterns in young adults are process-related, as in the Cabeza et al. study(submitted) , but has difficulties explaining these reductions when lateralization patterns in young adults are stimulus-related, as in ReuterLorenz et al.'s (2000) study.
One way to address the limitations of both verbal/spatial and production/monitoring accounts is to assume that compensatory recruitment of contralateral PFC regions may involve different kinds of processes depending on the task. In other words, older adults may compensate for deficits in processes mediated by left PFC by recruiting processes mediated by right PFC, and vice versa, but the specific kinds of cognitive operations recruited vary across tasks. The strength of this view is that it can account for the wide variety of conditions where age-related asymmetry reductions have been observed. On the other hand, the weakness of this view is that, compared to verbal/spatial and production/monitoring accounts, it is very vague and difficult to falsify. At any rate, as noted below, before any of these accounts can be tested further research is necessary in order to clarify the relationship between compensation-related activity in older adults and specific changes in cognitive performance.
Conclusion
The goal of this chapter was to link recent behavioral and neuroimaging findings on hemispheric lateralization and aging to general ideas about hemispheric organization. In the first section, we described anatomical differences between the left and right hemispheres of the brain and addressed the verbal/spatial and production/monitoring accounts of hemispheric specialization. In addition, we described three different models of hemispheric interaction: insulation, inhibition, and cooperation. Although supporting evidence was presented for each one of these models, overall, the findings favored the cooperation view.
In the second section, two models of age-related changes in hemispheric lateralization were addressed: the right hemi-aging model and the HAROLD model. The first model states that the right hemisphere is more sensitive to the harmful effects of aging than the left hemisphere, resulting in a greater dependence on left hemisphere processing in elderly adults. In contrast, the HAROLD model states that elderly are more likely to rely on both hemispheres in conditions in which unilateral recruitment is sufficient in young adults. Whereas evidence for the first account has been very inconsistent, the findings in support of the HAROLD model are rapidly accumulating and have consistently been reported in the domains of working memory, episodic memory, attention, inhibitory control, and sensorimotor processing.
In the third part of the chapter, we linked the first two sections by discussing three different accounts of age-related asymmetry reductions in relation to the different hemispheric interaction models that were addressed at the beginning of the chapter. The first account, the dedifferentiation view, proposes that asymmetry reductions reflect a failure to recruit specialized neural mechanisms mediated by either the left or the right hemisphere. This idea fits with an age-related impairment in hemispheric insulation processes. The second account, the competition view, asserts that bilateral recruitment in older adults reflects an age-related reduction in normal hemispheric inhibition. Finally, the compensation view states that age-related asymmetry reductions are compensatory, and reflect greater cooperation between the hemispheres. Whereas the first two accounts mainly have a theoretical basis, there is substantial experimental support for the compensation view. A first line of evidence comes from studies that found a positive correlation between asymmetry reductions and cognitive performance in elderly adults (Refs). Other important evidence comes from three recent neuroimaging studies (Cabeza et al., 2002a; Rosen et al., 2002; Daselaar et al., 2003b ) that directly compared high-and low performing older adults. In each of these studies, reduced hemispheric asymmetry was found to be specific to the high-performing elderly adults. Hence, at present, the compensation view clearly is the most convincing account of agerelated asymmetry reductions.
On a final note, it is important to mention that, even though valuable insights regarding aging and hemispheric organization have already been gained from the research that was described in this chapter, there are still some issues to be resolved concerning the prevalence of asymmetry reductions across the life span. For instance, the results of several fMRI studies [Stebbins, 2002 #4434; Daselaar, 2003 #4653; Logan, 2002 #4150; Nielson, 2002 #4612] suggest that asymmetry reductions are more pronounced in "old-old adults" (75-80 yrs) than "young-old adults" (i.e., 60-70 yrs). This could imply that asymmetry reductions are associated with more advanced forms of neurocognitive decline. In agreement with this idea, using PET, Backman et al. (1999) found evidence of bilateral recruitment during cued recall in a group of patients with mild Alzheimer's dementia (AD) but not in a group of healthy elderly controls.
It is to worth noting that this evidence is not inconsistent with the compensation view of HAROLD. For example, it is possible that bilateral recruitment is beneficial to performance only when cognitive demands are high. Cognitive demands may be high when the task is difficult enough or when cognitive resources have been reduced by factors such as healthy aging and dementia. This suggest that whether bilateral recruitment is found in healthy elderly compared to young, or in AD compared to healthy aging, would depend on the particular combination of task demands and available cognitive resources. Thus, finding greater bilateral recruitment in AD than in healthy aging does not imply that bilateral recruitment is not compensatory because it is possible that among AD participants, those who show greater bilateral recruitment perform better than those that do not. This is exactly what the recent study by Grady et al. (2003) found. They used PET to investigate brain activity during encoding (living/nonliving judgments about objects and words) and a subsequent recognition memory in mild AD patients and healthy elderly controls. During both tasks, bilateral PFC recruitment was observed in the AD group, but not in the healthy controls. In accordance with the compensation account, bihemispheric recruitment in AD patients was positively correlated with recognition accuracy.
At any rate, given the number of factors that seem to modulate the occurrence of bilateral recruitment, further progress is unlikely to occur unless these factors investigated one by one, while keeping other factors constant. An improvement for future studies on this topic would be to compare different age groups within the same study using a range of tasks taken from different cognitive domains with differing levels of task difficulty. Such an approach may ultimately clarify the role of the various factors that contribute to the phenomenon of hemispheric asymmetry reductions. Behavioral evidence showing across-hemisphere advantages for complex tasks in young and older subjects. A. Task design: Subjects were submitted to physical and identity match trials. In the physical match trials, the target letter physically matched one of the probes. In the identity match trials, the target letter had the same name as one of the probes. The figure illustrates within-(WH) and across-hemisphere (AH) trial types. For WH trial types, the target and probe were presented within the same visual field, in which case a match could be detected without the need for hemispheric interactions. For AH trials, the target and probe were presented to opposite hemispheres, in which case match detection required the two hemispheres to interact. B. Difference scores indicate the relative across-hemisphere advantage in accuracy for younger and older adults for each of the three difficulty levels. The scores were calculated by subtracting the average percentage correct for WH trials from the average percentage correct for the AH trials. The results indicate that older adults benefit more from bihemispheric processing than young adults. Adapted from Reuter-Lorenze et al. (1999) . Figure 6 . PFC activity during memory retrieval was in young and old-low participants, but bilateral in old-high subjects.
Figure 7.
Reduced hemispheric asymmetry during semantic encoding in high-performing elderly as compared to young and old-low adults (Rosen et al., 2002; Daselaar et al., 2003) . Bars indicate effect sizes in left and right PFC. 
